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ABSTRACT

Maternal behavior in rabbits involves building a nest of straw and body hair inside an
underground burrow, before parturition, and the display of a single, brief (ca. 3 min.),
nursing bout per day throughout lactation. The onset and decline of digging, straw
carrying, and hair-pulling is controlled by specific combinations of estradiol,
progesterone, testosterone, and prolactin (PRL). These hormones also prime the
maternal brain to respond effectively to the newborn pups: antagonizing the release of
PRL that occurs before parturition (by injecting bromocryptine s.c.) abolishes maternal
behavior in most rabbits. This effect is counteracted by the intracerebroventricular
administration of rabbit PRL. We have investigated the brain areas involved in
regulating specific aspects of maternal behavior by: a) determining the distribution of
receptors for estradiol (ER-alpha) and progesterone (PR); b) implanting estradiol in the
forebrain and quantifying the display of nestbuilding; c) establishing the expression of
an immediate early gene (c-fos) in association with the display of maternal behavior.
These studies have revealed that specific forebrain regions (e.g., the preoptic area and
septum) play a major role in the control of nest-building and maternal responsiveness:
they are rich in ER-alpha and PR; implants of estradiol benzoate stimulate digging and
straw-carrying in ovariectomized rabbits treated with progesterone s.c.; an increase in
the number of c-fos immunoreactive neurons is observed following nursing. In addition
to hormonal stimulation, the adequate display of maternal behavior relies heavily on the
perception of stimuli coming from the young. By preventing mother/young contact at
parturition or during early lactation maternal responsiveness is altered or abolished.
Suckling stimulation per se is not essential to maintain maternal behavior as mothers
deprived of nipples (i.e., thelectomized) are responsive to the young. However, the
duration of the mother/young interaction is greatly extended in thelectomized females
and also in mothers whose nipples have been covered with cushions. Moreover,
decreasing the amount of suckling stimulation (by providing only one pup) or providing a
litter that is unable to suckle (by placing adhesive tape over the mouths) also extends
the time mothers spend with the young inside the nest box. These results show a major
role of suckling stimulation in timing the duration of mother/young contact. In summary,
the behavior of mother rabbits is regulated by a multiplicity of hormonal and
somatosensory stimuli that act in concert to determine the onset, offset and duration of
specific maternal activities.
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INTRODUCTION

Maternal behavior in rabbits begins in late pregnancy as the female constructs a nest of
straw and body hair inside a burrow (GONZALEZ-MARISCAL et al. 1994b; Ross et al.
1963). We have evidence that maternal nest-building is regulated by the action of
estradiol (E), progesterone (P), testosterone, and prolactin (PRL; GONZALEZ-MARISCAL et
al. 1994b, 1996, 2003). Thus, digging is maximally expressed between days 25-27 of
pregnancy, when circulating levels of E and P are high (60 pg/ml and 9 ng/ml,
respectively). Straw-carrying occurs across prepartum days 3 to 1 (coinciding with a
decrease in digging), as the concentration of P declines and E rises (75 pg/ml). Hair-
plucking (preceded by the loosening of body hair) occurs from the day of parturition into
lactation days 3-4, when P levels are negligible and high levels of testosterone (308
pg/ml) and PRL (160 ng/ml) are observed (Figure 1).
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Figure 1. Upper panel: Quantification of digging, straw-carrying, and hair-pulling
across pregnancy. Lower panel: Variations in the concentration of estradiol 17-
beta, progesterone, testosterone, and prolactin in the blood throughout
pregnancy and lactation. From: GONZALEZ-MARISCAL et al. 1994b.

In ovariectomized (ovx) females the combined injection of estradiol benzoate (EB; 5
micrograms/day) and P (10 mg/day) consistently stimulates digging, while the
withdrawal of P (and continuation of EB) allows the expression of straw-carrying and
hair-pulling and also provokes a decline in digging (Figure 2; GONZALEZ-MARISCAL et al.
1996).
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Figure 2. Stimulation of nest-building in ovariectomized rabbits by the injection of
estradiol benzoate (EB; 5 micrograms/day) and progesterone (P; 10 mg/day). Note
that digging was expressed when both steroids were present and declined after P
withdrawal. This, in turn, stimulated straw-carrying followed by hair-pulling.
From: GONZALEZ-MARISCAL, ROSENBLATT 1996.

Hair-loosening is induced in ovx rabbits by the injection of either testosterone
propionate or Salpha-dihydrotestosterone propionate (5 mg/day; GONZALEZ-MARISCAL
et al. 2003c). In addition to gonadal steroids there is evidence that PRL promotes
maternal nestbuilding. Thus: a) in ovx rabbits given EB and P to stimulate nest
building, P withdrawal leads to PRL release (GONZALEZ-MARISCAL et al. 1996); b)
injections of bromocryptine (a dopamine agonist; MARTIN and BATESON 1982; MELTZER
et al. 1982) together with the steroid treatment prevent PRL release provoked by P
withdrawal in ovx rabbits (GONZALEZ-MARISCAL et al. 1996); c) high concentrations of
PRL are detected in blood shortly before parturition (GONZALEZMARISCAL et al. 2000;
MCNEILLY, FRIESEN 1978; NEGATU, MCNITT 2002); d) bromocryptine antagonizes nest
building when injected in late pregnancy (GONzZALEZ-MARISCAL et al. 2000); e) the
intracerebroventricular injection of rabbit PRL reverses the antagonistic effect of
bromocryptine on nest-building (GONZALEZ-MARISCAL et al. 2003b; see Table 1).

In contrast with the elaborate process of nest-building that occurs in late pregna ncy,
following parturition maternal behavior consists of a single nursing bout per day lasting
around three min (DREWETT et al. 1982; GONZALEZ-MARISCAL et al. 1994; LINCOLN 1974)
and displayed with circadian periodicity (JILGE 1993, 1995). The rabbit pups can locate
the mother’s nipples and suckle milk within such a short time due to the perception of an
olfactory cue that is emitted through the doe’s nipples (HUDSON, DISTEL 1983). This so-
called “mammary pheromone” was recently characterized as a single compound: 2
methylbut-2-enal (SCHAAL et al. 2003). Its emission is stimulated by E, P, and PRL as
daily injections of EB+P stimulate mammary pheromone in ovx rabbits while P
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withdrawal leads to a decline in this process (HUDSON et al. 1990; Figure 3). Maximal
levels of mammary pheromone emission can be maintained despite P withdrawal by
injecting PRL (GONZALEZMARISCAL et al. 1994a; Figure 3).

PFHEROMONE EMISSION
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Figure 3. Upper panel: In ovariectomized (ovx) rabbits the combined injection of
estradiol benzoate (EB; 1 or 10 micrograms/day) plus progesterone (P; 10
mg/day) induces maximal levels of mammary pheromone emission. A decline is
observed following P withdrawal. From HUDSON et al. 1990. Lower panel: In ovx
rabbits primed with EB plus P the combined injection of EB (0.5 micrograms/day)
plus ovine prolactin (PRL; 1.5 mg/day) maintains maximal levels of mammary
pheromone emission despite P withdrawal. From GONZzALEZ-MARISCAL et al. 1994a.

The evidence presented so far shows that steroid hormones and PRL participate in
regulating the onset/offset of specific activities of the nest-building process. Yet, the
hormonal profile characteristic of pregnancy changes dramatically in the pre-partum
period and across lactation. Specifically, as parturition approaches, E rises and P
declines (GONZALEZMARISCAL et al. 1994b), while oxytocin (FucHs, DAwooD 1980) and
PRL (GONZALEZ-MARISCAL et al. 2000; Mc NEILLY, FRIESEN 1978; NEGATU, MC NITT
2002) are released shortly before delivery. Across lactation, E is present at lower
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concentrations than in late pregnancy and P is absent (GONZALEZ-MARISCAL et al.
1994b), while oxytocin and PRL are released at each nursing bout (FUCHS et al. 1984).
The impact of such changes in the endocrine milieu for the display of pup-directed
maternal behavior will be discussed in the following section.

SOMATOSENSORY STIMULI AND HORMONAL FACTORS PROMOTE AND
MAINTAIN MATERNAL RESPONSIVENESS

Parturition in rabbits is brief (ca. 10 min; HUDSON et al. 1999) and it is preceded by a
massive release of oxytocin and PRL (see previous section). We have obtained
evidence that, by acting on the brain in late pregnancy, PRL promotes maternal
responsiveness to the young. Thus, injections of bromocryptine from pregnancy day 26
to parturition reduce the incidence of maternal behavior (i.e., entrance into the nest box
and adoption of a crouching posture over the litter; GONZALEZ-MARISCAL et al. 2000,
2003b). This effect is counteracted by the simultaneous injection of rabbit PRL into the
cerebral ventricles (GONZALEZ-MARISCAL et al. 2003b). Across the first week of lactation
this group of experimental animals showed a behavior that was not significantly different
from that observed in the control group (injected with vehicle), i.e.: rapid entrance into
the nest box, crouching over the litter, and allowing the young to suckle, although milk
output was reduced (due to the previous injections of bromocryptine).

Table 1: Intracerebroventricular (icv) injections of rabbit prolactin reverse the
disruptive effects of bromocryptine on nest-building and maternal behavior

Group % females with nest % maternal females
Control (vehicle sc + vehicle icv) 77 77
Bromocryptine sc + vehicle icv 19* 19*
Bromocryptine sc + rabbit PRL icv 93 57

*p<0.05 vs control group

In addition to PRL, acting on the brain before parturition, we have evidence that
somatosensory stimuli received by the mother rabbit at delivery and during the first
week postpartum are essential for the adequate expression of maternal care. If pups
are removed as they are being born, thus preventing the mother from having any
contact with them, maternal behavior is abolished in 66% of cases (GONZALEZ-MARISCAL
et al. 1998). These results indicate that as yet undetermined stimuli, received at a
critical time point (the peripartum period), are necessary to allow the maternal brain
(previously primed with steroid hormones and PRL) to respond adequately to the
newborn. Yet, those stimuli are insufficient for such purpose as rabbits allowed to
interact with the litter at delivery but anesthetized at each nursing bout across lactation
days 1-7 (a procedure that prevents the conscious contact between mother and young)
show aberrant maternal behavior in 60% of cases on the days following anesthesia
withdrawal. If this procedure is performed in mid-lactation it has no effect on maternal
behavior (GONzZALEZ-MARISCAL et al. 1998). Interestingly, nipple stimulation per se
seems not to play a major role in maintaining maternal behavior as 70% of females

1222



Proceedings - 8th World Rabbit Congress — September 7-10, 2004 — Puebla, Mexico
Invited Paper

whose nipples were removed (thelectomized) before mating showed a normal
responsiveness to the newborn, readily entered the nest box for at least 7 days
postpartum, and crouched over the litter even though suckling could not occur
(GONZALEZ-MARISCAL et al. 2000). Taken together, the above results indicate that
specific hormones and somatosensory stimuli participate in regulating the expression of
maternal responsiveness. In the following sections we will present the experimental
strategies we have used to investigate specific aspects of such multifactorial control of
rabbit maternal behavior.

STEROID ACTIONS ON THE MATERNAL BRAIN

As described in earlier sections, E and P are key hormones that determine the
onset/offset of specific activities of the nest-building process. Therefore, establishing
where these hormones act on the maternal brain is essential for understanding the
neuroendocrine regulation of this complex mammalian behavior. By means of
immunocytochemistry we have explored the distribution of estrogen receptor (ER) alpha
and progesterone receptor (PR) in female rabbits. We have found high concentrations
of both receptors in specific regions of the brain, notably the preoptic area (Figure 4).

ER-alpha PR

Figure 4. Left panel: Distribution of estrogen receptor-alpha immunoreactive
neurons in the preoptic region of an ovariectomized rabbit. Note the high density
observed in the bed nucleus of the stria terminalis (BNST) and also in three
preoptic nuclei: medial (MPON), principal (dorsal and ventral subdivisions; PPOd,
PPOv), and periventricular (PeP). From: CABA et al. 2003a. Right panel:
Distribution of progesterone receptor immunoreactive neurons in the preoptic
region of an ovariectomized rabbit treated with estradiol benzoate. Note the high
concentration observed in the same three preoptic nuclei specified above. From:
CaBA et al. 2003b.

This region has a well-established participation in the control of maternal behavior in
rodents (for reviews see: GONZALEZ-MARISCAL, POINDRON 2002; NUMAN, INSEL 2003). In
addition to the preoptic region ER alpha is widely distributed in the forebrain, e.g.: bed
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nucleus of the stria terminalis, nucleus accumbens, paraventricular nucleus,
ventrolateral hypothalamus, amygdala, and subiculum (CABA et al. 2003a). PR, in
contrast, has a more restricted distribution: aside from the preoptic region and
infundibular nucleus it is found only in the paraventicular nucleus and the ventrolateral
hypothalamus (CABA et al. 2003b). From these findings we investigated the effect of
implanting estradiol benzoate (EB) into the preoptic region of ovx rabbits treated s.c.
with P. We found that females implanted with EB in the preoptic region showed a
gradual increase in digging for as long as P was injected s.c. The removal of this
hormone provoked a decline in digging and an onset of straw-carrying (GONZALEZ
MARISCAL et al. 2003a; Figure 5). Females implanted with cholesterol in the preoptic
region and given P s.c. failed to show these responses (data not shown).
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Figure 5. Stimulation of digging in ovariectomized rabbits by implanting estradiol
benzoate (EB) into the preoptic region and injecting progesterone (P; 10 mg/day)

s.c. Note the decline in digging and onset of straw carrying following P
withdrawal.

grams/day (mean + se)

These results indicate that the action of estradiol on the preoptic region is necessary
and sufficient to allow P to facilitate digging and straw-carrying by as yet undetermined
mechanisms.

BRAIN REGIONS POSSIBLY INVOLVED IN REGULATING MOTHER-YOUNG
INTERACTIONS

Little is known about the brain structures involved in the many features characteristic of
maternal behavior in rabbits, e.g.: motivation to respond to the young, adoption of a
crouching posture over the litter, milk output, duration of the suckling episode, etc. To
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begin investigating this matter CRUz and BEYER (1972) placed electrolytic lesions in the
septum and nucleus accumbens of pregnant rabbits and found that nest-building and
nursing behavior were disrupted. From this finding we investigated if such brain areas
become activated after the display of maternal behavior. The detection of the c-fos
protein, by means of immunocytochemistry, has been widely used to quantify changes
in brain activity provoked by a variety of stimuli (olfactory, visual, tactile; for review see
MORGAN, CURRAN 1991). We sacrificed mother rabbits after nursing on lactation day 7,
quantified the number of c-fos immunoreactive (IR) cells in specific brain regions, and
compared these results with those obtained in mothers not given pups for nursing on
such day (GONzZALEZ-MARISCAL et al. 2002). We found a significantly larger number of c-
fos-IR cells in females that nursed in: the lateral septum, the bed nucleus of the stria
terminalis, and the paraventricular and supraoptic nuclei (Table 2).

Table 2. Effect of nursing on the number of c-fos immunoreactive cells (meanzse)
in specific brain regions

Brain region Condition

Nursing No Nursing
Lateral septum 316+78** 82122
Bed nucleus of the stria terminalis 344+58* 15151
Supraoptic nucleus 208+42* 57+17
Paraventricular nucleus 398+36** 14140

*p<0.05, 'p<0.02, **p<0.01 vs no nursing

Other regions (e.g., ventromedial hypothalamic nucleus, Ilateral habenula,
suprachiasmatic nucleus) did not show significant differences between nursing and non
nursing rabbits (data not shown). These results indicate that the mother-young
interaction activates areas involved in the milk ejection reflex (i.e., paraventricular and
supraoptic nuclei) and also others (e.g., septum, bed nucleus of the stria terminalis) that
may participate in the control of additional aspects of maternal behavior. As these data
coincide with those obtained in the lesion study described above (CRUz, BEYER 1972)
they suggest that the region of the septum-bed nucleus of the stria terminalis is
essential for the normal display of maternal behavior.

SUCKLING STIMULATION REGULATES THE DURATION OF MOTHER-YOUNG
CONTACT

One characteristic feature of rabbit maternal behavior is the constant duration of the
single, daily nursing bout. A number of investigators have independently confirmed that
it lasts around three min, regardless of the day of lactation DREWETT et al. 1982;
GONZALEZ-MARISCAL et al. 1994; LINCOLN 1974; ZARROW et al. 1965). The mechanisms
that regulate this apparently invariable duration of nursing are unknown. Yet, FINDLAY
and TALLAL (1971) briefly reported that mothers given only two pups showed longer
nursing episodes than did rabbits with larger litters. We have found (GONZALEZ
MARISCAL et al. 2000) that thelectomized mothers show maternal behavior towards the
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litter and crouch over the young despite their incapacity to nurse. Yet, thelectomized
mothers stay inside the nest box with the litter for a longer time than do nursing rabbits.
Moreover, mothers injected with bromocryptine (a dopamine agonist that prevents the
release of PRL) in early lactation show a reduced milk output and a longer time inside
the nest box with the litter (GONZALEZ-MARISCAL et al. 2000). The above results suggest
that stimuli related with suckling stimulation and milk output regulate the duration of the
nursing bout. To explore this possibility we investigated the effect of altering the
suckling stimulation received by mother rabbits on the duration of the nursing bout
(GONZALEZMARISCAL, CUAMATzI 2003). We found that mothers given 1 pup stayed
inside the nest box for a significantly longer time (11.0£1.7 min) than did rabbits
provided with 8 young (3.9£0.1 min; p<0.001). Placing cushions over the nipples, a
procedure that allowed mothers to receive tactile stimulation from the litter but
prevented suckling, also extended the time inside the nest box, from 4.5£0.5 min to
7.9+1.1 min (p=0.01). Covering the pup’s mouths with adhesive tape to prevent them
from suckling (but otherwise allowing them to provide tactile stimulation to the mother’s
ventrum) provoked the same effect: time inside the nest box increased from 4.1+0.3 to
9.41+2.5 min (p<0.05). Taken together, this evidence indicates that suckling stimulation
plays a major role in timing the duration of the mother-young contact in rabbits.

CONCLUSION

The maternal behavior of rabbits shows features that distinguish it from that of most
studied mammals, i.e.: the construction of an elaborate nest before parturition and a
very brief contact with the young across lactation. Yet, it seems that rabbits rely on the
same factors (hormonal and sensory) as other mammals to regulate the expression of
the behavioral patterns that are appropriate for these animals. The specific
characteristics of such behaviors (e.g., fixed duration of the nursing bout, circadian
periodicity) indicate an elaborate neurobiological control and, therefore, offer the
possibility of using them as models for exploring more general principles in nervous
system function. The introduction of new animal models in biology will enrich our
understanding of the strategies evolved by mammals to adapt to a changing
environment and to increase their distribution on the planet. The knowledge derived
from studying the reproductive behavior of rabbits can have a direct impact on the way
we raise and care for these animals in the farm and the laboratory, in our homes and in
the wild.
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